Homogeneous Mn x Ge 1−x ferromagnetic semiconductor films with high Mn concentration were prepared, contrasting with dilute inhomogeneous Mn x Ge 1−x magnetic semiconductors. The saturation magnetization of Mn 0.57 Ge 0.43 films is high, up to 327 emu/ cm 3 ͑1.04 B /Mn͒ at 5 K, and the Curie temperature is about 213 K. The Mn 0.57 Ge 0.43 films show semiconducting resistance, but the magnetoresistance is negligibly small. The anomalous Hall effect was observed below the Curie temperature, which is consistent with the magnetic measurements. The global ferromagnetism was discussed based on s , p-d exchange coupling between the weakly localized s , p hole carriers and the strongly localized d electrons of the Mn atoms.
However, in most investigated Ge-based magnetic semiconductors, the Mn concentration is usually low ͑less than 20 at. %͒ and the distribution of Mn is inhomogeneous, leading to various and even contradictory reports on magnetic and transport properties. [3] [4] [5] [6] [7] [8] [9] [10] Therefore, a homogeneous Gebased magnetic semiconductor with high Mn concentration is highly desirable for higher Curie temperature. Since the solubility of Mn in Ge is limited under thermal equilibrium conditions, higher Mn concentration may lead to phase separation, nonsemiconducting behavior, or more neighboring Mn atoms with antiferromagnetic coupling. This is a big challenge. In this letter, we report homogeneous Mn x Ge 1−x ferromagnetic semiconductor films with high Mn concentration prepared under thermal nonequilibrium conditions. The saturation magnetization of Mn 0.57 Ge 0.43 films is high, up to 327 emu/ cm 3 ͑1.04 B /Mn͒ at 5 K, and the Curie temperature is about 213 K. In addition, these films show anomalous Hall effect below the Curie temperature, but the magnetoresistance is negligibly small. The nominal structures of ͓Mn͑0.43 nm͒ /Ge͑y nm͔͒ 60 were prepared on glass substrates by alternately sputtering very thin Mn and Ge layers for 60 periods in Ar gas at room temperature. Due to the atomic interdiffusion between Mn and Ge layers under thermal nonequilibrium conditions, they form homogeneous Mn x Ge 1−x magnetic semiconductor films. Although samples with various Mn x Ge 1−x ͑0.05Ͻ x Ͻ 0.7͒ compositions were prepared, here we mainly reported the experimental results of Mn 0.57 Ge 0.43 films with high Mn concentration.
The microstructures of a Mn 0.57 Ge 0.43 film were observed in cross-section view by transmission electron microscopy ͑TEM͒ equipped with energy dispersive x-ray spectroscopy ͑EDS͒. In addition, the crystal structure was measured by selected area electron diffraction, which is shown in the inset of Fig. 1 . The measured d spacings of the first two rings at the middle point of each ring are 2.14 Å ͑inner ring͒ and 1.57 Å ͑outside ring͒, which are close to tetragonal Ge ͑103͒ and ͑321͒ crystal structures, respectively.
The magnetic properties were measured by a superconducting quantum interference device system and the substrate signals were deducted. The substrate signals were measured after etching the films with acid. In all measurements, the applied magnetic field was perpendicular to the film plane. Figure 2͑a͒ shows a typical hysteresis loop of the asdeposited Mn 0.57 Ge 0.43 film measured at 5 K. The ferromagnetism can be clearly seen from the significant coercivity and remanent magnetization of the hysteresis loop. Moreover, the saturation magnetization is high, up to 327 emu/ cm 3 ͑1.04 B /Mn͒ at 5 K. Figure 2͑b͒ shows the temperature dependence of the magnetization ͑the M-T curve͒ of the film measured at 3 ϫ 10 4 Oe magnetic field. The magnetization reduces quickly with increasing temperature, and the estimated Curie temperature is about 213± 5 K. Since most experimental M-T curves of ferromagnetic semiconductors usually have a long tail in the high temperature range, this makes it difficult to obtain the accurate Curie temperature. Here the Curie temperature was approximately estimated by linearly extrapolating the experimental M-T curve to zero from a nearly linear region as shown in Fig. 2͑b͒ . In addition, the M-T curve shows a concave shape in the low temperature range below 50 K, which is a typical feature of ferromagnetic semiconductors in the presence of multiple exchange interactions. 3, 11 According to theoretical calculations, 3, 12 uniformly distributed ferromagnetically aligned Mn is more stable except the most stable antiferromagnetic nearest-neighbor Mn-Mn dimers, and in all spin configurations the average moment is 3 B / Mn regardless of the Mn relative positions or concentrations. In the Mn 0.57 Ge 0.43 film the Mn concentration is high, and hence the antiferromagnetic nearest-neighbor Mn-Mn dimers should be dominant. This is the reason why the effective average ferromagnetic moment of 1.04 B /Mn was experimentally observed, rather than 3.0 B / Mn. However, we did not find any antiferromagnetic phase or even the signs of exchange bias between a ferromagnetic phase and an antiferromagnetic phase. These imply that the antiferromagnetic nearest-neighbor Mn-Mn dimers do not form any observable antiferromagnetic phase but isolated Mn-Mn dimers embedded in the ferromagnetic phase.
The electrical resistivity xx and the Hall resistivity xy were measured in van der Pauw configuration with the magnetic field perpendicular to the film plane. Figure 3͑a͒ shows the temperature dependence of the resistivity of the Mn 0.57 Ge 0.43 film. It is clear that the resistivity monotonously increases with decreasing temperature, which is the typical feature of the electrical transport of semiconducting materials through thermal assisted hopping mechanism. The magnetoresistance was also measured at 5 and 293 K by scanning the applied field from 6 ϫ 10 4 to − 6 ϫ 10 4 Oe, which was negligibly small ͑less than 0.15%͒. By contrast, a large magnetoresistance was usually found at low temperature in the disordered or inhomogeneous semiconductors due to orbital effects and/or spin effects. 4 semiconductor, 7 is consistent with the uniform composition ͑Fig. 1͒ and the non-local ferromagnetism ͑Fig. 2͒ in the Mn 0.57 Ge 0.43 film. Figure 3͑b͒ shows the magnetic field dependence of the Hall resistivity ͑the xy -H curve͒ measured at 20 K, and Fig. 3͑c͒ shows the temperature dependence of the Hall resistivity ͑the xy -T curve͒ measured at 3 ϫ 10 4 Oe magnetic field. In Fig. 3͑b͒ , the "S" shape of the xy -H hysteresis loop indicates that both the ordinary Hall effect ͑proportional to B͒ and the anomalous Hall effect ͑proportional to magnetization M͒ contribute to the observed Hall resistivity ͑ xy = R o B + R A M͒. The coercivity and remanence of the xy -H hysteresis loop reveal carrier-mediated ferromagnetism. The positive slope in the high field region reveals that the charge carriers are p type. In Fig. 3͑c͒ , xy monotonously decreases with increasing temperature, which is similar to the behavior of the M-T curve in Fig. 2͑b͒ . The similarity between Figs. 2͑b͒ and 3͑c͒ indicates that the anomalous Hall effect dominates over the ordinary Hall effect as the external field is less than 3 ϫ 10 4 Oe. Since the anomalous Hall effect is proportional to the magnetization, the Hall effect observed in Figs. 3͑b͒ and 3͑c͒ also demonstrates the ferromagnetic properties of the Mn 0.57 Ge 0.43 film, but independent of the direct magnetic measurements as shown in Figs. 2͑a͒ and 2͑b͒. In Fig. 3͑c͒ , as compared with xy values at low temperatures, xy becomes flat above 200 K and approaches near zero around 220 K, so the Curie temperature estimated from the anomalous Hall effect is about 220± 5 K, in agreement with the Curie temperature ͑213 K͒ estimated from the magnetic measurements in Fig. 2͑b͒ . Figure 3͑c͒ also indicates that ordinary Hall xy above the Curie temperature is negligibly small as compared with the anomalous Hall xy at low temperatures. However, in the case of hopping conduction, the ordinary Hall effect does not relate to a carrier density, 4, 14 which contrasts to the case of band transport through extended states. Therefore, we could not obtain the carrier density of the hopping transport system from the Hall effect.
It is worthy to mention that the observed ferromagnetism with the Curie temperature about 213 K in the Mn 0.57 Ge 0.43 film does not originate from the known Mn-Ge phases, such as Mn 5 Ge 3 and Mn 11 Ge 8 magnetic alloys. They are easily excluded because they show ferromagnetism near room temperature and show metallic conducting behavior. In fact, after the Mn 0.57 Ge 0.43 film was annealed in vacuum at 400°C for 1 hour, it shows ferromagnetism at room temperature and shows metallic conducting behavior due to the formation of the metallic Mn-Ge magnetic alloys. This in turn indicates that the as-deposited Mn 0.57 Ge 0.43 sample is an intrinsic ferromagnetic film with Curie temperature about 213 K.
It was experimentally found that Mn in Ge matrix was in the +2 ͑Ref. 10͒ or +3 state. 15 Therefore, Mn x Ge 1−x semiconductor is p type and the hole carriers are responsible for the electrical transport. In addition, the observed anomalous Hall effect itself manifests that there is s, p-d exchange coupling between the s, p hole carriers and the d electrons of the local Mn as well as spin-orbital coupling of the hole carriers. According to Fig. 3͑a͒ , the resistivity is small in the whole measured temperature range and only shows a little increase from 5.1ϫ 10 −6 ⍀ m at 293 K to 6.5ϫ 10 −6 ⍀ m at 5 K. This means that the hole carriers are weakly localized and have a large localization length which can cover many local Mn atoms. Considering the high concentration of Mn atoms which supply both hole carriers and local magnetic moments in Mn 0.57 Ge 0.43 semiconductor, even if the holes are heavily compensated, there may be several s, p holes in a diameter of the localization length . According to this scenario, the s, p-d interaction should be enhanced and relatively long ranged. As soon as the local ferromagnetic order is established, the global ferromagnetic order is formed. Maybe this is why we only observed one high ordering temperature ͑the Curie temperature of 213 K͒ in the Mn x Ge 1−x semiconductor with high Mn concentration, rather than two ordering temperatures in dilute Mn x Ge 1−x semiconductor. 4 Combining the microstructural, magnetic, and transport properties, we can get to the following physics picture of the ferromagnetism in Mn x Ge 1−x magnetic semiconductor with high Mn concentration: the ferromagnetic interaction is mediated by s, p-d exchange coupling between the weakly localized s, p hole carriers and the strongly localized d electrons of the Mn atoms. The relatively high Curie temperature of the global ferromagnetism can be attributed to the relatively large localization length and high hole density due to the high Mn concentration.
In conclusion, homogeneous Mn 0.57 Ge 0.43 ferromagnetic semiconductor films with high Mn concentration were prepared, which show high saturation magnetization ͑327 emu/ cm 3 ͒ and high Curie temperature ͑about 213 K͒. The Mn 0.57 Ge 0.43 films show semiconducting transport behavior and negligibly small magnetoresistance. The anomalous Hall effect was found below the Curie temperature, which is consistent with the magnetic measurements. The observed ferromagnetism is an intrinsic long-ranged one mediated by hole carriers through s, p-d exchange coupling between the weakly localized s, p hole carriers and the strongly localized d electron of the Mn atoms. 
